Abstract The correct control of cell fate decisions is critical for metazoan development and tissue homeostasis. It is established that the integrin family of cell surface receptors regulate cell fate by mediating cell-cell and cell-extracellular matrix (ECM) interactions. However, our understanding of how the different family members control discrete aspects of cell biology, and how this varies between tissues and is temporally regulated, is still in its infancy. An emerging area of investigation aims to understand how integrins translate changes in tension in the surrounding microenvironment into biological responses. This is particularly pertinent due to changes in the mechanical properties of the ECM having been linked to diseases, such as cancer. In this review, we provide an overview of the roles integrins play in important developmental processes, such as proliferation, polarity, apoptosis, differentiation and maintenance of "stemness". We also discuss recent advances in integrin mechanobiology and highlight the involvement of integrins and aberrant ECM in cancer.
Introduction
Integrins are evolutionarily conserved heterodimeric cell surface receptors that are composed of an α and β subunit. In mammals there are 18 α-subunits and eight β-subunits that combine to form a total of 24 different receptors (Anderson et al. 2013 ).
Integrins recruit a myriad of effector molecules, such as Talin, Paxillin, ILK, FAK and various GTPases, to supramolecular signalling platforms, known as focal adhesions, to propagate signals bi-directionally across the plasma membrane. Integrindependent adhesions also have structural functions, linking the internal cytoskeleton to the external environment through cellcell and cell-ECM interactions. Given the location of integrins at this nexus of molecular activity, it is understandable that they are key players in the regulation of processes important for normal development. In this review we will discuss the roles of integrins during development and the implications of aberrant integrin signalling in cancer.
Integrins in tissue development
Integrins play essential roles during tissue development, as demonstrated by a number of genetic deletion studies using mouse knockout models (Bouvard et al. 2001) . Almost all known integrin subunits, as well as many of their extracellular matrix (ECM) ligands have been genetically deleted, resulting in a range of phenotypes, including embryonic lethality or defects during the development of a particular tissue and organ (Hynes 1996; Bouvard et al. 2001; Hynes 2002; Docheva et al. 2007; Prowse et al. 2011 ). Integrins and their ligands are required early on in embryogenesis to regulate a number of processes, including fertilisation, implantation and early blastula formation (De Arcangelis and GeorgesLabouesse 2000; Tarone et al. 2000) . Embryos from homozygous β1 integrin null mice die shortly after invading the uterine basement membrane (Fassler and Meyer 1995; Stephens et al. 1995) , whereas constitutive deletion of integrin α2, α3, α6 and β4 subunits resulted in mice dying just after birth. Indeed, some of the different integrin subunit knockout mice show similar phenotypes, suggesting that critical processes require a combination of multiple receptors (Kreidberg et al. 1996; DiPersio et al. 1997; Ryan et al. 1999; Chen et al. 2002) . Deletion of fibronectin, a major component of the ECM and an integrin ligand, resulted in embryonic death at embyronic day 8.5, indicating that specific integrin ligands also play an essential role during development (George et al. 1993) .
The defects observed in integrin null mice can be related back to the function of the integrin subunits examined; for example, β1 integrin knockout mice have the most severe embryonic lethal phenotype (Fassler and Meyer 1995; Stephens et al. 1995) , which is likely due to β1 integrin's role as a component of 12 of the 24 known integrin heterodimers. Subsequent studies utilised chimeric or "floxed" mice to further investigate the effect of the loss of β1 integrin in different cell and tissue types, such as haematopoietic, cardiovascular and epithelial systems. Some of the defects observed following β1 ablation included defective haematopoietic stem cells homing and migration (Hirsch et al. 1996; Potocnik et al. 2000) , delayed and impaired formation of complex vasculature in mouse embryonic stem cells (Bloch et al. 1997 ) and cardiac muscle defects (Baudoin et al. 1998; Keller et al. 2001) . Since these initial studies, extensive interrogation of β1 integrin and other integrin subunit function in specific tissue types has been undertaken using conditional mouse knockout models (Brakebusch et al. 2000; Raghavan et al. 2000; Naylor et al. 2005; Akhtar et al. 2009; Moran-Jones et al. 2012) . However, although it has been long appreciated that integrins are essential for many aspects of development, it is testament to the complexity of integrin function that the mechanisms by which integrins control cell fate are still the subject of intense interest.
Integrins and cell fate
The formation of the different tissue types that make up complex organisms, such as mammals, stem from a myriad of cell fate decisions. Integrins play a key role in mediating these cell fate decisions by providing the spatial cues required by cells to respond to the temporal cues, which in turn are provided by soluble factors produced at distinct times during development. Integrins also provide the cell with information on the composition of the ECM and the surrounding cellular mechanical tension. Together, this information helps with the development and regulation of a wide range of cell phenotypes in a context-dependent manner.
Integrins and stem cells
Integrins have been one of the cell surface markers commonly used during fluorescent activated cell sorting to distinguish different stem and progenitor cell populations. For example, in skin and mammary gland, isolation of stem cells has been performed based on a high expression of α6 integrin (CD49f) (Tani et al. 2000; Stingl et al. 2006) . High β1 integrin (CD29) expression also enables enrichment of mammary stem cells, and β3 integrin (CD61) is a marker of lineage-specific progenitor cells Asselin-Labat et al. 2007 ). However, despite this, there is still relatively little known about the role of integrins in stem cell biology.
The stem cell niche is an area in which spatial information provided by integrins is likely to be of great importance. High levels of integrin expression may aid the physical interaction between a stem cell and the niche in which it resides, ensuring that the stem cell remains following proliferation, while the daughter cells exit the stem cell niche (Chen et al. 2013 ). In the Drosophila midgut, integrins are required for both the maintenance and proliferation of intestinal stem cells (ISCs) (Lin et al. 2013 ). An important mechanism for maintenance of the stem cell pool is the control of asymmetric cell division. Goulas et al. (2012) reported that Drosophila ISCs required integrindependent adhesion to the ECM to regulate cell polarity and ensure the asymmetric segregation of proteins into daughter cells. Similar defects have been observed in mammalian epithelial tissues following integrin ablation. Taddei et al. (2008) found that genetic deletion of β1 integrin from the basal epithelial cell compartment in the mammary gland, which is believed to contain the mammary stem cells, disrupted the orientation of cell division and reduced stem cell numbers.
In addition to regulating stem cell numbers, integrins are also implicated in maintaining stem cell pluripotency. Characterisation of integrin expression in mouse embryonic stem (ES) cells suggests that α5β1, αvβ5, α6β1 and α9β1 integrins may be involved in regulating stemness (Lee et al. 2010) . Using integrin-specific peptides and hydrogel scaffold, Lee and colleagues demonstrated that simultaneous stimulation of the four integrin heterodimers was necessary to maintain transcription of stem cell-related genes. Furthermore, their precisely engineered scaffold induced a pattern of gene expression similar to ES cells cultured on fibroblast feeder layers (Lee et al. 2010) . α2β1 integrin has also been implicated in maintaining mouse ES cells in their undifferentiated state through binding to full-length collagen-I (Suh and Han 2011) . However, in addition to α2β1 integrin, this effect of full-length collagen-I on ES cells also required collagen-I binding to the discoidin domain receptor 1.
Human bone marrow-derived mesenchymal stem cells (hMSCs) have been found to express a wide selection of integrin subunits, with the expression levels of specific subunits changing as the cells differentiated down specific lineages (Frith et al. 2012) . The contribution of hMSC integrins to cell differentiation was then examined using immobilised peptides. To maintain hMSC survival, the cells required a small amount of RGD peptide to be present, which suggested a role for α5β1, αVβ3 and αVβ5 integrins in hMSC survival. When cultured in the osteogenic or adipogenic differentiation media, the presence of laminin-derived IKVAV peptides increased differentiation down the respective lineages, compared with RGD peptide alone (Frith et al. 2012) . These studies in embryonic and tissuespecific stem cells demonstrate the importance of integrins in the regulation of stem cell phenotype. They also indicate that manipulation of integrin signalling may be an attractive target for the optimisation of stem cell-based therapeutics.
Integrins in differentiation
Integrin expression changes during cell differentiation, suggesting that different integrin-dependent signals regulate cellular differentiation. In the epidermis, analyses of integrin expression across the different cell layers have revealed that specific integrin expression is lost from the basal layer during differentiation, which is accompanied by a loss in adhesion from the basement membrane (BM) and decreased proliferation (Watt 2002) . In the prostate and the skin, the greatest change in integrin expression is observed in the β4 integrin, which when paired with α6 integrin forms the primary constituents of hemidesmosomes that attach basal epithelial cells to the BM. Loss of other integrin heterodimers, such as α2β1 and α3β1, is also observed during differentiation. The reduction in α6β4 expression is accompanied initially by proteolytic degradation of both the α6 and β4 subunits before subsequent suppression of integrin gene expression, suggesting that posttranscriptional regulation of α6β4 is a direct effect of a commitment to differentiation (Tennenbaum et al. 1996) . Supporting this concept, neoplastic keratinocytes delay maturation, promote proliferation and prevent downregulation of α6β4 (Tennenbaum et al. 1993; Watt 2002) .
β1 integrin has been extensively characterised during epithelial differentiation in the mammary gland (Taddei et al. 2003; Naylor et al. 2005; Taddei et al. 2008) . A main function of mammary epithelial cells is milk production to facilitate lactation. This process is controlled by the hormone prolactin (Prl), which following binding to its receptor activates the nuclear translocation of STAT5 and subsequent milk gene expression. However, STAT5 activation by Prl requires β1 integrin to be bound to laminin-1 in the BM, as shown by Naylor et al. (2005) who observed that deletion of β1 integrin resulted in impaired alveologenesis and lactation. This example highlights an increasing common phenomenon where cross-talk between integrins and other receptors are required for signal propagation to occur. Interestingly, conditional deletion of β1 integrin in prostate epithelium resulted in a relatively mild phenotype, with an expansion of the p63-positive basal cell population and decreased differentiation (Moran-Jones et al. 2012) . The reduced phenotype in prostate epithelium compared to breast epithelium is either due to potential compensation from other integrins or because β1 integrin does not play as critical a role following the formation of the appropriate BM.
Analysis of downstream integrin adaptor molecules has shown that integrin-linked kinase (ILK)-not focal adhesion kinase-is the critical downstream effector involved in mediating β1 integrin's function in the mammary gland (Akhtar et al. 2009 ). The link between Prl and integrin signalling is provided by the Rho family GTPase-Rac1-which was shown to rescue the expression of milk protein genes in β1 integrin-null cells while, conversely, a dominant negative Rac1 mutant prevented Prl signalling and milk protein production (Akhtar and Streuli 2006) . This body of work has helped define how integrins cooperate with hormone signalling in the control of mammary cell fate determination.
Integrins in proliferation
It has long been established that integrin-mediated adhesion signals regulate cell cycle progression through regulation of cyclin-dependent cell cycle checkpoints (Guadagno et al. 1993; Zhu et al. 1996) (Mettouchi et al. 2001; Hirsch et al. 2002) . Integrin-ECM engagement is also necessary in many cases for growth factor-induced mitogenic signals. Adherent cells require attachment to the ECM for a mitogenic signal from a growth factor to activate proliferation through a range of signalling pathways, including PI3K, JNK, STAT5, MAPK and Rho-family GTPases (DeMali et al. 1999; Assoian and Schwartz 2001; Cascone et al. 2005; Defilippi et al. 2005; Mahabeleshwar et al. 2007 ). However, the mechanisms by which integrins control cell cycle progression and the precise roles of distinct heterodimers are still the subject of much investigation (Wang et al. 2011; Jeanes et al. 2012) . In mammary epithelial cells lacking β1 integrin, epidermal growth factor (EGF) stimulation was sufficient to activate the ERK signalling pathway, but proliferation rates were reduced compare to wildtype controls. In this system, β1 integrin was required to facilitate Rac1 activation, which enabled ERK translocation to the nucleus to drive proliferation (Jeanes et al. 2012) . Rac1 activation downstream of β1 integrin may be facilitated by the integrin-binding protein, Talin, which is necessary for the recruitment of adhesion proteins that drive cell cycle progression (Wang et al. 2011 ).
Integrins and cell polarity Cellular polarity is an essential feature of epithelial organs and is initiated following the formation of tight junctions. This process allows cells to orientate themselves and form both basal (facing the basement membrane) and apical (facing the lumen) surfaces (Carmosino et al. 2010) . Integrins help form the axis of polarity, with early studies in Madin-Darby canine kidney (MDCK) cells showing that β1 integrin mediates the orientation of the apical pole of polarised MDCK cysts through activation of Rac1 (O'Brien et al. 2001; Yu et al. 2005) . In vivo, deletion of α6 and β4 integrins, which form components of hemidesmosomes, results in a loss of epidermal polarity (Dowling et al. 1996; Georges-Labouesse et al. 1996; Raghavan et al. 2000) . Furthermore, in endothelial cells β1 integrin is required in vivo to maintain polarity by controlling the expression of the polarity protein Par3 (Zovein et al. 2010) .
Recently, significant insight into the molecular mechanism by which integrins establish polarity in glandular epithelium has been made (Akhtar and Streuli 2013). Using in vivo and threedimensional primary culture models, these authors showed that β1 integrin/ ILK is required for the endocytic removal of apical proteins from the BM surface of the cell and for correct Golgi positioning. Prior to polarisation, the epithelial cells contained fragmented Golgi and apical proteins localised on their basolateral surface. Following β1 integrin engagement with the BM at the basal surface, ILK interacted with microtubules via their plus-ends and polarised the microtubules along the apicobasal axis. This drove the endocytosis of apical-destined proteins and their re-distribution to the new apical surface opposing the BM orientating the cell (Akhtar and Streuli 2013).
Integrins and apoptosis
The importance of the cell-ECM interaction during cell survival was first discovered using human endothelial cells which rapidly underwent apoptosis in the absence of ECM attachment (Meredith et al. 1993 ). The term "anoikis" was then coined by Frisch and Francis (1994) to describe this form of apoptosis which occurs when there is a loss of adhesion signalling. Importantly, it is the composition of the surrounding ECM that heavily influences cell survival, i.e. it is not just detachment that initiates anoikis, but also a lack of correct adhesion signalling. For example, mammary epithelial cells cultured on collagen I undergo apoptosis within a few days, whereas a laminin-rich substrate inhibits cell death (Pullan et al. 1996) . Furthermore, this integrin-laminin-cell-ECM interaction also cooperates with insulin to suppress apoptosis in mammary epithelial cells (Farrelly et al. 1999) . Integrins signal via molecules such as FAK and PI3K to tightly regulate cell sensitivity to apoptosis by controlling the dynamics of the association between apoptotic proteins and mitochondria (Schellenberg et al. 2013) .
Together, a picture emerges of how integrin signalling controls a variety of cellular phenotypes, including survival, proliferation, differentiation and polarity (Figure 1) . However, these effects on cell fate are dependent not only on the contact between integrins and the ECM, but also the mechanical forces and tension of the local environment (Engler et al. 2006) . For integrins to regulate cell fate in response to changes in force/ tension in the extracellular environment, they must be able to detect these changes and then translate them into signals to elicit a biological response.
Integrins role in mechanobiology
The mechanobiology of integrin signalling is evident from the initiation of integrin engagement, with a tension of approximately 40 pN applied to individual integrin-ligand interactions during the initial engagement (Wang and Ha 2013) . Increasing force then drives a shift in the integrin to a high-affinity conformation that stabilises the interaction with ligand (Chen et al. 2012 ). This higher affinity interaction in response to increasing force suggests a catch-bond model of integrin engagement, in which bond lifetime initially increases with increasing tension (Kong et al. 2009 ). However, the complexity of the mechanics of integrin-ligand interactions has increased with the recent description of cyclic mechanical reinforcement (CMR) (Kong et al. 2013) . In CMR, the cyclic application of tension to the integrin--ligand interaction greatly increases the bond lifetime. Once bonds have been established, further cellular tension may then stimulate the recruitment of additional integrins to adhesion sites to facilitate a phenotypic response (Thodeti et al. 2009 ).
In the last few years, the mechanisms by which integrindependent changes in tension elicit a biological response have begun to be elucidated. The focal adhesion protein Talin, which links β-integrin tails to the actin cytoskeleton, contains cryptic binding sites for vinculin that are exposed upon the stretching of Talin (del Rio et al. 2009 ). Myosin-dependent stretching of Talin in vivo is proposed to expose these sites, allowing vinculin recruitment to be regulated by cycles of stretching and relaxation (Margadant et al. 2011 ). These studies shed light on the molecular basis of tension sensing at the cell surface, but in order for cellular force to regulate cell fate decisions, the signals emanating from the sites of contact with the ECM need to be communicated to the nucleus to drive changes in gene expression. In endothelial cells, the focal adhesion protein zyxin translocates to the nucleus in response to cell stretching. Nuclear zyxin then adopts the role of a transcription factor to promote the expression of stretchsensitive genes with roles in inflammation, apoptosis and proliferation (Wojtowicz et al. 2010) .
In an elegant study, Dupont and colleagues recently demonstrated that the cell fate regulators YAP and TAZ were activated in cells plated on stiff ECM (Dupont et al. 2011) . Notably, the tension-dependent differentiation of mesenchymal stem cells (MSCs) was disrupted by YAP/TAZ siRNA. On stiff ECM, YAP/TAZ knockdown blocked MSC differentiation into osteoblasts and remarkably facilitated differentiation into adipocytes. Furthermore, overexpression of active YAP rescued cell survival and proliferation in human microvascular endothelial cells plated on confined ECM that limits cell spreading. Thus, this study demonstrates that the control of cell fate decisions by cellular tension can be circumvented by manipulating downstream transcription factors. Such knowledge may be of critical importance in combating pathologies associated with altered ECM-stiffness, such as cancer. Whilst there is still much to be learned about the mechanisms governing mechanobiology, recent advances in nano-engineering that enable precise control of substrate compositions and mechanical stimulation will enable integrin mechanobiology to be studied in detail in the future (Subramony et al. 2013 ).
Integrins and cancer
Defective integrin signalling results in a number of pathologies associated with the formation of incorrect tissue architecture, adhesion, migration, proliferation and apoptosis. One such pathology associated with disrupted control of cell fate decisions is cancer. Significant progress in understanding integrin function in tumorigenesis has been made though the use of knockout mouse models combined with spontaneous cancer models.
Integrins and tumorigenesis
β1 integrin influences several aspects of epithelial tumorigenesis. Conditional deletion of β1 integrin in the mammary gland of PyMT-driven breast cancer dramatically attenuates tumour progression (White et al. 2004) . In this study β1 integrin both regulated tumour initiation and maintained cancer cell proliferation (White et al. 2004) . In contrast, β1 integrin expression was not required for tumour initiation in the ErbB2/neu-driven breast cancer model-but it did influence metastasis . Interestingly, deletion of the integrin signalling molecule ILK reduced tumour incidence in the ErbB2/neu model , indicating that perhaps while other integrins can compensate for the loss of β1 integrin, a surrogate for ILK's function downstream of multiple integrin hetrodimers is less readily available.
Further work in the ErbB2/neu model of tumorigenesis showed that inhibition of α2β1 integrin expression (achieved by deletion of the α2-subunit), moderately delayed tumour incidence but had no effect on primary tumour growth. However, there were significantly more, and larger, lung metastases in the animals lacking α2 integrin. Ramirez et al. (2011) observed that tumour cells lacking α2 integrin exhibited increased anchorage-independent growth and migration in vitro, and they detected a significant increase in circulating Fig. 1 The role of integrins in cell fate. Integrins are unique in their ability as transmembrane receptors that control cell fate decisions such as whether a cell should undergo proliferation, apoptosis or differentiation, or become polarised. The cellular context also influences these cell fate decisions, with integrins acting as sensors that communicate information from the surrounding microenvironment [extracellular matrix (ECM)] to the cell tumour cells in vivo, suggesting the absence of α2 integrin promoted intravasation. Significantly, in this same study, reduced α2 integrin expression in human cancer patients correlated with metastasis incidence and a worse prognosis in breast and prostate cancer. Data on human patients strongly suggest a suppressive function of α2 integrin during cancer progression. It is possible that loss of α2 integrin expression allows β1 integrin to contribute to cancer progression by partnering with other α-subunits, as β1 integrin expression was found to be required for metastasis in the ErbB2 tumour model .
Recently, β1 integrin was conditionally deleted in prostate epithelium, where in contrast to the phenotypes observed in the breast, β1 integrin ablation resulted in decreased survival in the TRAMP cancer model, as well as increased tumour progression and proliferation (Moran-Jones et al. 2012) . These studies are similar to the developmental studies mentioned earlier, in which deletion of β1 integrin during development in breast and prostate had quite different effects, thereby further highlighting the contextual and tissuespecific effects of integrins.
Conditional deletion of β4 integrin in the ErbB2/neu mouse breast cancer model suppressed tumour formation and metastasis (Guo et al. 2006) , while targeted expression of α6β4 integrin in the suprabasal layer of the mouse epidermis increased tumour formation and metastasis (Owens et al. 2003) . In both of these cases, increased β4 integrin expression correlated with cancer progression. Other studies have reported similar correlations of increased α6β4 integrin expression in thyroid, bladder, colorectal and gastic cancers, suggesting that α6β4 integrin has an important role in epithelial carcinogenesis . α6β4 integrin is predominantly found in hemidesmosome structures which form the rigid adhesive structures on the basal cell surface and link the actin cytoskeleton to laminin in the basement membrane. However, α6β4 has also been implicated in mediating epithelial cell migration . This role in migration may account for the observation that α6β4 integrin levels are often high in invasive carcinomas yet hemidesmosome formation is absent . EGF stimulation can mobilise α6β4 integrins from hemidesmosomes into lamellipodia in squamous cell carcinoma cells to facilitate migration (Mainiero et al. 1996; Rabinovitz et al. 1999; . Rabinovitz et al. (1999) proposed that the mechanism of this mobilisation involves activation of PKCα and the phosphorylation of β4. However, further studies are required to determine whether this is the case across other cancer types.
In prostate cancer, loss of androgen receptor (AR) expression is a well-known hallmark of androgen-resistance cancer and a more aggressive phenotype. A link between α6β4 integrin expression and loss of AR expression was made in a study where AR expression in prostate cancer cells was shown to suppress α6β4 integrin expression. This finding suggests that loss of AR may increase α6β4 integrin expression and promote a more invasive phenotype in prostate cancer cells (Bonaccorsi et al. 2000; Cinar et al. 2001) .
As integrins activate multiple signalling pathways, it will be critical to delineate the roles that each pathway plays in cancer progression, along with the compensatory mechanisms elicited in response to inhibition of downstream mediators-if integrins are to be targeted as cancer therapeutics. Inhibition of the individual components of the integrin adhesome may be insufficient to prevent tumorigenesis driven by integrin expression (Deakin and Turner 2011). It will also be necessary to understand how integrin receptors that bind to the same substrate, but elicit different responses, operate, so that only the specific heterodimer of interest is targeted (Schiller et al. 2013) . However, the finding that blocking integrin function with inhibitory antibodies sensitised breast cancer cells to apoptosis induced by radiotherapy is encouraging (Park et al. 2008) as it demonstrates that integrins may be a useful therapeutic target.
Integrins and cancer stem cells
A current challenge to cancer therapy is the existence of the so-called, cancer stem cells (CSCs; also known as tumour initiating cells) that are thought to contribute to disease progression and recurrence (Owens and Naylor 2013) . There is growing evidence that integrins contribute to the CSC phenotype and may therefore provide another area to explore for novel therapeutic intervention strategies.
In human triple negative breast cancer cell lines, neuropilin-2 (NRP-2) expressed on CSCs signals through α6β1 integrin to upregulate GLI-1, which subsequently induces further expression of NRP2. Disruption of this autocrine signalling loop has been found to delay tumour progression in mice (Goel et al. 2013 ). In the mouse Her2 breast cancer model, CSCs express high levels of α6 and β3 integrins (Lo et al. 2012) . Significantly, knockdown of β3 integrin suppressed CSC self-renewal by impairing tumour growth factor-beta signalling (Lo et al. 2012) . In prostate cancer, β4 integrin expression was observed to be higher in tumour samples from bone metastases and from patients who had undergone androgen ablation therapy, compared with naïve primary tumours (Yoshioka et al. 2013) . In this same study, in mouse prostate cancer models, deletion of the β4 integrin signalling domain delayed tumorigeneis. β4 integrin signalling was required for the expansion of prostate cancer stem cells via cross-talk with ErbB2 and cMet receptors (Yoshioka et al. 2013) . β4 integrin may prove to be an attractive therapeutic target as it only pairs with the α6 integrin subunit, therefore enabling the design of β4 integrin-specific antagonists that would not interfere with other integrin signalling pathways, hopefully reducing side effects.
Mechanobiology in cancer
Cancer progression is typically associated with increased tissue rigidity, and there is growing evidence that the tensile strength of the ECM surrounding a cell can induce carcinogenesis (Butcher et al. 2009; Samuel et al. 2011) . Remodelling of the ECM by tumour cells perturbs normal integrin function and promotes tumourigenesis by inducing inappropriate cellular functions, such as migration, proliferation and differentiation. Indeed, cellular force or matrix composition has been shown to influence cell fate in ES cells. Engler et al. demonstrated this by growing ES cells on a wide spectrum of matrices ranging from soft to stiff to rigid matrices, representing different tissue types (Engler et al. 2006) . These authors showed that soft matrices similar to brain tissue directed stem cells down neurogenic lineages, stiffer matrices similar to muscle tissue directed stem cells down myogenic lineages and rigid matrices that resemble bone tissue directed stem cells down osteogenic lineages (Engler et al. 2006) (Figure 2 ).
In the breast, the first indicators that ECM matrix composition may play a role in cancer originated from studies examining mammographic density in the breast, which have shown that high mammographic density is a strong predictor of breast cancer risk (Boyd et al. 1998; Boyd et al. 2001; Ursin et al. 2005; Stone et al. 2006; Ginsburg et al. 2008) . A link has also been established between breast density and tumour initiation, as breast tumours tend to arise in dense areas of the breast . This would also suggest that women with a genetic predisposition to having increased fibrous breast tissue also have an increased risk of developing breast cancer.
Cells can influence the stiffness of the surrounding ECM by depositing or altering ECM proteins, such as collagen. Increased collagen I and V deposition occurs in a process known as desmoplasia, which is observed following the invasion of tumour cells through stromal tissue (Barsky et al. 1982) . The deposited collagen can be altered in both its structure and its organisation by tumour cells. For example, there are higher levels of cross-linked collagen in tumour stroma, which increases the stiffness of the ECM. Lysyl oxidase is responsible for cross-linking collagen fibrils, and elevated levels of this enzyme are frequently observed in tumours (Peyrol et al. 1997; Decitre et al. 1998; Erler et al. 2009; Levental et al. 2009 ). Collagen is also organised into tracks of parallel and perpendicular fibres, which can facilitate the invasion of tumour cells into the surrounding tissue (Provenzano et al. 2006 (Provenzano et al. , 2008 . Together, the effects of increased collagen deposition, altered structure through cross-linking and altered collagen organisation contribute to tissue fibrosis, which in turn increases the risk of carcinogenesis (Colpaert et al. 2003; van der Slot et al. 2005 ).
Integrins and ECM signalling in cancer Epithelial cells can utilise two methods to detect matrix stiffness, namely by Rho-mediated contractility and by integrins acting as mechanosensors via outside-in signalling in response to increasing cellular force from a stiffening matrix. The result of these processes is increased integrin expression, activation and focal adhesion assembly (Riveline et al. 2001; Tzima et al. 2001; Galbraith et al. 2002) . In both of these methods, matrix stiffness leads to the activation of a number of integrin signalling pathways, such as tyrosine kinases/phosphatases, MAP kinases and small GTPases involved in cell growth, viability, differentiation and motility (Chrzanowska-Wodnicka and Burridge 1996; Choquet et al. 1997; Geiger and Bershadsky 2002; Paszek et al. 2005; Sawada et al. 2006) . The mechanism of Rho-mediated contractility involves Rho activation of its effector Rho kinase (ROCK), which phosphorylates the regulatory light chain of myosin and results in myosin-actin-mediated contraction (Totsukawa et al. 2000) . When a matrix becomes too stiff to contract, the increased isometric tension results in the formation of integrin-based focal adhesions, increased activation of FAK and sustained Rho activation. This results in elevated proliferation, an increased invasive phenotype and a loss in cellular morphology (Paszek et al. 2005; Sawada et al. 2006) . Interestingly, Rho is in fact regulated by matrix stiffness, with studies showing that in a compliant (soft) matrix Rho exists in an inactive GDP-bound form, while in a non-compliant (stiff) matrix Rho is activated in the GTP-bound form (Wozniak et al. 2003) . A recent study has also demonstrated similar results in skin, where ROCK activation functioned to promote tumour growth and progression, while ROCK inhibition attenuated these effects, thus demonstrating that actomyosin-mediated cellular tension and collagen deposition are significant tumour promoters (Samuel et al. 2011) . While active Rho GTPases have been associated with stiff tumours (Fritz et al. 1999) and ROCK activation induces tumour migration (Croft et al. 2004) , it still remains to be determined whether either of these processes can actually initiate a tumour or if they merely act to aid oncogenes during carcinogenesis.
Future perspectives
Over the past 15 years the tissue microenvironment has emerged as a critical player in mediating important cellular processes, such as tissue development, homeostasis and cell fate, through receptors such as integrins. Integrins do not operate in isolation, but instead mediate cross-talk between cell-ECM, cell-cell contacts, growth-factor signals and mechanical stimuli. Therefore, it will be necessary to study these factors in combination to create a complete picture of integrin function in development and disease. An emerging theme in integrin signalling is the influence of matrix composition and rigidity, both on normal tissue development and cancer progression. However, it remains to be determined whether tissue rigidity and cellular force directly initiate carcinogenesis, or whether they act later to promote tumour progression. Understanding how signals emanating from integrins at the cell surface result in transcriptional responses will aid in the discovery of new therapeutics targeted at disrupting the Fig. 2 Tensile strength and cell fate of the ECM. The increasing rigidity of tissue can have dramatic effects on cell fate. In normal embryonic stem cells the rigidity of the matrix they are exposed to can influence their cell fate, with the resulting cells becoming either neurogenic (brain), myogenic (muscle) or osteogenic (bone) with increasing matrix stiffness, respectively. In cancer, increasing matrix rigidity leads to increased deposition of ECM components (collagen I & V) as well as increased degradation to help facilitate tumour growth. The increased ECM stiffness results in increased recruitment of integrins to focal adhesions, the upregulation of downstream integrin signalling pathways and increased Rho kinase (ROCK) activation, resulting in proliferation and cell survival integrin signals that drive the cancer cell phenotype. The apparent variable roles of integrins in different cancers or between different models of cancer in the same tissue, as well as the relative contributions of downstream signalling molecules, compounded by the added complication of redundancy, exemplifies the necessity to build a comprehensive picture of the role of integrins in vivo-a picture that despite many significant insights is a long way from complete.
